The crystal structure of PBTC, one of the most widely used scale inhibitors in cooling water treatment, exhibits a complicated network of hydrogen bonds that are formed between the water molecule of crystallization, the-P-OH and the-COOH groups. 
INTRODUCTION
Most unsoftened (raw) industrial waters contain alkaline earth metal cations such as calcium, magnesium, barium, etc. These, particularly calcium, cause enormous problems when combined with polyanions, such as carbonate, phosphate or sulfate, and the solubility products of the corresponding salts are exceeded. The major resulting problems are precipitation and deposition of these insoluble mineral salts, unfortunately, onto the most critical equipment surfaces. Calcium carbonate /1/ and calcium phosphates /2/ arc the most frequently encountered deposits. The accumulation of these deposits greatly diminishes effective heat transfer, interferes with fluid flow, facilitates corrosion processes, and can worsen microbiological fouling /3/. These phenomena are most critical in cooling water applications, where incoming water passes through a heat exchanger, cools a "hot" process and is sent back to repeat the same cooling process after it is cooled by forced evaporation/4/. This water loss by evaporative cooling results in high supcrsaturation levels of the above ions. Eventually, massive precipitation of sparingly soluble mineral salts can occur, either in bulk or on a surface that, in some cases, causes catastrophic operational failures.
Scale prevention can be achieved by use of scale inhibitors, key components of any chemical water treatment/6/. These are compounds (small molecules) that are added to any given treatment in minute (ppm) quantities and usually work synergistically with dispersant polymers/7/.
Phosphonates, or organic phosphates belong to a fundamental class of such compounds/8/. These usually (although not always) contain multiple phosphonate groups (R-PO3H2, R organic chain) and are most commonly found in their deprotonated form, due to the relatively high water pH. Phosphonates are used extensively in cooling water treatment programs/9/, oilfield applications/10/and corrosion control/11/. The structures of some common commercially available phosphonates are given in Figure 1 . PBTC, HEDP (hydroxy-ethylidenediphosphonate) Relevant information concerning crystal data, intensity collection information, and structure refinement parameters for the structure are provided in Table 1 . Suitable crystal was mounted on a glass fiber.
Diffraction data were collected on a Bruker SMART CCD 1K diffractometer. The frame data were acquired with the SMART/16a/software at 298 K using Mo Kot radiation (k 0.71073 A). Final values of the cell parameters were obtained from least-squares refinement of the positions of all observed reflections. A total of 1271 thirty-second frames were collected in three sets with 0.3 )-scan. The frames were then proccssed using the SAINT software/16b/to give the hkl file corrected for Lorentz and polarization effects. A multiscan absorption correction was applied. The structure was solved by direct method using the SHELX-90 /16c/program and refined by least-squares method on F2, SHELXTL-93/16d/, incorporated in SHELXTL, Version 5.1 /16e/. The initial E-map yielded all non-hydrogen atom positions. Hydrogen atoms for carbons were geometrically positioned and left riding on their parent atoms during structure refinement. Thc hydrogen atoms for oxygens were located from the Fourier map, fixed at appropriate distances and let to ridc on the parent oxygen atoms. The molecular structure of PBTC is shown in Figure 2 with 50 % probability ellipsoids. A view of a PBTC molecule connected to its neighbors through hydrogen bonds is shown in Figure 3 . A packing diagram down the x-axis is shown in Figure 4 .
The crystal of PBTC'H20 contains a molecule of H,,O per asymmetric unit. Final positional parameters, along with their standard deviations as estimates from the inverse matrix are given in Table 2 . Bond lengths in PBTC'H20 are given in Table 3 and angles are given in Table 4 . Hydrogen bonds are given in Table 5 The -PO3H2 group acts as both donor and acceptor and forms two sets, a total of four, H-bonds. The first set forms between the -P=O (from one molecule), the-P-O(H) (from a neighboring molecule) and two water molecules of crystallization. This H-bonding mode forms an 8-member ring (not counting the H atoms) and is locally centrosymmetric. The O(9)-H(9)...O(10") distance (bond a) is rather short, 2. The second set consists of two hydrogen bonds. These are formed between the P=O portion of the -PO3H2 group and the -OH group of the carboxylate of a neighboring molecule, and between the second -P-O(H) group and the carbonyl -C=O portion of the same carboxylate. This generates a 6-member ring (not counting Inhib#ors:2 Table 2 Atomic Parameters x,y,z (X104) for PBTC'H20.
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5480 (2) 4932 (2) 7080 (2) 7859 (2) 8587 (2) 7681 (2) 7837(..2) 9707(2) 10967(2) 12728 (2) 6768 (2) 7162 (2) 6992(1). 8665 (2) 10025 (2) 6404 (2) 4663 (2) 10192 (2) 10672 (2) 7570 (2) 6941 (2) 5406 (2) 9060 (2) 8177 (2) 8233 (2) 7721 (2) 6324 (2) 5825 (2) 9847 (2) 3079(2) Table 3 Selected bond distances (A) in PBTC.H20. The 0(7) atom of the phosphonate-P=O group participates in two H-bonds and acts as a bridge between a water proton and a carboxylate proton. These bonds are dissimilar in length (2.6736(15) A in the former and 2.7319(14) A in the latter). It appears that the formation of the 4-member ring facilitates a shorter Hbond compared to that from an 8-member ring.
The-COOH group at the 2' position participates in hydrogen bonding interactions with the -PO3H2 group as described above.
Inhibitors:2
The -COOH group at the 4' position forms a commonly seen "dicarboxylate dimer" with a neighboring carboxylate also at the 4' position. This "dimer" sits on a "local" inversion center. The bond distance is 2.6903(14) A for O(4)-H(4)...O(3'). The O atom of the carboxylate C=O group also forms a very long rtbond with on of the water protons, at a distance of 2.9552(17) A.
The -COOH group at the 1' position forms the aforementioned "dicarboxylate dimer" with a neighboring carboxylate (also at the 1' position) forming a 6-member ring. The H-bonding distance is 2.7674(15) A.
Bond lengths are presented in were not possible due to the unusually high noise in that region of the spectrum. Our attempts to obtain better quality spectra were unsuccessful. HEDP is one of the most widely used phosphonate in the field of water treatment. Its crystal structure as a monohyrdate consists of columns of symmetry-related HEDP molecules linked together by a complex hydrogen-bonding network of hydroxyl and phosphonic acid groups /21k/. All hydrogen-bonding is intcrmolecular. All four of phosphonic acid hydrogens are involved in hydrogen bonds. P-O(H) bond lengths arc in the range 1_.537-1.559/. P=O bond lengths are-1.506/.
The crystal structure of the closely related methylenediphosphonic acid has been reported/21c/. Every phosphonyl hydrogen is asymmetrically bonded to two oxygen atoms to form an extensive three-dimensional network of hydrogen bonds involving all molecules of the unit cell. Each P=O oxygen is an acceptor of two intermolecular hydrogen bonds, while each P-O(H) oxygen is bonded to a single hydrogen.
A molecule of relevance is ethane-l,2-diphosphonic acid, which has two methylene groups (instead of one) separating the phosphonate groups/21b,c/. Molecules of ethane-l,2-diphosphonic acid pack within the unit cell in such a manner that the C-C bond is located at an inversion center. There is no intramolecular hydrogen bonding. Each hydrogen atom is asymmetrically bound to two oxygens, with P=O oxygens bonding to two hydrogens, as in the case with methylenediphosphonic acid.
An addition to the above pair of bis-phosphonates is the structure of propane-l,3-diphosphonic acid/2id/. It consists of two non-related and unique molecules that adopt different configurations. The atoms in each molecule are oriented to form P-C-C-C-P chains that are linked via hydrogen bonding (closest contacts 2.603(3) A and 2.580(10) A).
The molecular structure of a biologically active bis-phosphonate, 1-hydroxy-2,2,2-trifluoroethylidene-bisphosphonic acid, was reported as its tris(irimethylsilyl) ester derivative/21a/. The perfluoroalkyl groups were introduced in order to increase its lipophilicity. Molecules of the perfluorophosphonate were found to arrange pair-wise in the unit cell via two P=O...HO-P and two P=O...HO-C hydrogen bonds.
The structures of two halo-bis-phosphonates were reported. These are tetrakis(1-methylethyl) (dichloromethylene)bisphosphonate, and tetramethyl (dibromomethylene) bisphosphonate/21j/P-O and P-C bond lengths fall within the normal range.
The molecular and crystal structure of di-t-butylphosphinic acid was determined by single-crystal X-ray and neutron diffraction/19/It reveals a dimeric arrangement in the solid state held by strong hydrogen bonds (2.506(18) In the structure of tetrasodium carbonyldiphosphonate the presence of the C=O group forces the C-(PO3)2 group to be coplanar. The P-C-P and P-C-O angles are 120.7 and 119.6, respectively, statistically the same as the 120 ideal value. The P-C bond length is 1.874(1) A/211/.
CONCLUSIONS
The crystal and molecular structure of 2-phosphonobutane-l,2,4-tricarboxylic acid monohydrate is reported. 
